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Abstract: High soil bulk density and penetration resistance as an indication of soil compaction affect soil infiltration and
runoff. Overgrazed rangelands are under severe erosion risk because of soil compaction. The objective of this study was
to determine changes in soil bulk density and penetration resistance in a high altitude rangeland within a 3-month
grazing period. A 5-ha rangeland (200 × 250 m) was transected with intervals of 25 × 5 m, and soil penetration resistance
was measured at 459 points in the 20-cm surface soil layer on 3 different dates (15 July, 15 August, and 15 September).
At each intersection of the 50 × 50 m interval grid system, 30 undisturbed soil samples were taken to determine soil bulk
density. Semivariogram and punctual kriging analyses were used to define spatial variability in bulk density and
penetration resistance measurements. The results indicated that the mean bulk density did not show a clear trend with
-3
grazing intervals and produced values of 0.88, 0.93, and 0.82 g cm for July, August, and September, respectively. Soil
penetration resistance was higher than the critical penetration resistance (3 MPa) for root growth at all measurement
points. The mean soil penetration resistance increased about 8.5% in August as compared with July, and it was more or
less constant in the following month.
Key words: Bulk density, overgrazing, penetration resistance, rangeland, soil compaction, spatial variability

Yoğun otlatma altındaki merada toprak hacim ağırlığı ve penetrasyon
direnci yersel değişkenliğinin zamansal değişimi
Özet: Yüksek toprak hacim ağırlığı ve penetrasyon direnci, toprak sıkışmasının birer göstergesi olarak infiltrasyon ve
yüzey akışı etkilemektedir. Aşırı otlatılan meralar toprak sıkışmasından dolayı şiddetli derecede erozyon riski
altındadırlar. Bu çalışmanın amacı, yüksek rakımlı bir merada, üç aylık otlatma periyodu içerisinde toprak hacim ağırlığı
ve penetrasyon direncindeki değişimleri belirlemektir. Beş hektarlık (200 × 250 m) mera 25 × 5 m’lik gridlere ayrılmış
ve toprak penetrasyon direnci üç farklı zamanda (15 Temmuz, 15 Ağustos ve 15 Eylül) 20 cm’lik yüzey toprağında 459
noktada ölçülmüştür. Toprak hacim ağırlığını belirlemek için, 50 × 50 m aralıklarla oluşturulan grid sisteminde, gridlerin
kesişim noktalarından 30 adet bozulmamış toprak örnekleri alınmıştır. Hacim ağırlığı ve penetrasyon direncinin yersel
değişkenlik dağılım paternleri semivariogram ve punctual kriging analizleri yardımıyla belirlenmiştir. Araştırma
sonuçları, hacim ağırlığının zamansal değişiminin otlatma zamanına bağlı olarak belirgin bir değişkenlik göstermediğini
-3
ve Temmuz, Ağustos ve Eylül ölçümleri için sırasıyla 0.88, 0.93 ve 0.82 g cm ortalama değerde olduğunu göstermiştir.
Toprak penetrasyon direncinin tüm ölçüm noktalarında kök gelişimi için kritik penetrasyon direnci olarak kabul edilen
3 MPa’dan daha yüksek olduğu belirlenmiştir. Ortalama toprak penetrasyon direncinin Temmuz ayına göre Ağustos
ayında yaklaşık % 8.5 arttığı ve takibeden ayda hemen hemen sabit kaldığı saptanmıştır.
Anahtar sözcükler: Hacim ağırlığı, aşırı otlatma, penetrasyon direnci, mera, toprak sıkışması, yersel değişkenlik
* E-mail: elaksakal@atauni.edu.tr
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Introduction
Soil compaction due to animal trampling is one of
the factors responsible for the degradation of the
physical quality of soils under pasture (da Silva et al.
2003). Warren et al. (1986) reported that trampling
animals caused soil deformation by exerting high
ground contact pressure under their hooves. Donkor
et al. (2002) emphasized that animal hooves can exert
pressures of up to 200 kPa, which is considerably
greater than the pressure exerted on the soil surface
by a tractor. The soil compaction caused by cattle
grazing generally leads to reduction of porosity and
water infiltration rates (Dadkhah and Gifford 1981;
Du Toit et al. 2009), and impeded root growth and
increased losses of nitrogen due to runoff and erosion
(Wood et al. 1989).
In recent years, many studies have been carried out
on the effects of grazing intensity on soil compaction
(Chanasyk and Naeth 1995; Betteridge et al. 1999;
Rodd et al. 1999; Zhao et al. 2007; Du Toit et al. 2009),
bulk density (Azenegashe et al. 1997; Zhao et al. 2007;
Du Toit et al. 2009), and penetration resistance (Willat
and Pullar 1983; Horn et al. 1995; Murphy et al. 1995;
Rodd et al. 1999; Imhoff et al. 2000). It is generally
agreed that grazing increases soil compaction, but
Ingram (2003) reported that long-term grazing
studies do not show clear trends. Rodd et al. (1999)
evaluated soil bulk density and penetrometer
resistance in grazing systems and demonstrated that
the bulk density was more variable and less sensitive
to soil compaction than penetration resistance.
Greenwood et al. (1997) compared soil bulk density
and soil strength in grazed and ungrazed pastures and
found statistically significant differences in the
measured properties between 2 sites.
Spatial variability patterns of soil properties within
an agricultural field or a pasture are useful tools for
making effective management practices, defining
relations among soil properties, and also for
evaluating disruptive factors affecting these
properties. Therefore, defining the spatial distribution
patterns of the penetration resistance may help in
identifying areas in which soil compaction is a real
problem for optimal production. Geostatistical
techniques are commonly used for determining
spatial distribution patterns of soil properties,
including bulk density (BD) and penetration
196

resistance (PR). Aksakal and Öztaş (2010) used
geostatistical techniques to determine changes in
distribution patterns of soil penetration resistance
within a silage corn field following the use of heavy
harvesting equipment. Imhoff et al. (2000) used PR to
determine the spatial variability in soil properties
induced by plants and animal trampling in a shortduration grazing system. Warrick and Nielsen (1980)
and Gomez et al. (2005) reported that spatial
variability of BD and PR is highly affected by soil
management practices.
As all over the world, in Turkey overgrazing is one
of the main factors causing range degradation by
leading to erosion, reducing biodiversity, and altering
soil properties (Özgül and Öztaş 2002). Koç et al.
(2000) pointed out that the rangelands in Turkey are
grazed at least 2-3 times more intensely than their
carrying capacities. Therefore, the objective of this
study was to determine changes in soil BD and PR in
a high altitude rangeland within a 3-month grazing
period.
Materials and methods
The study area is located at a high altitude (2240
m) in the Palandöken Mountains. Nearly 400 cattle
were grazed at the research site during the whole
grazing season, which lasts from mid-June through
mid-November. The study site was under overgrazing;
7.1 da of rangeland was estimated per cattle per
season at the study site, but Koç (1995) reported that
14.7 da is needed for an optimal grazing per cattle per
season for the same rangeland.
A 5-ha rangeland (200 × 250 m) was transected
with 25-m intervals and soil PR was measured at
every 5 m on each transect for the 20-cm surface soil
layer on 3 different dates (15 July, 15 August, and 15
September). Undisturbed soil samples at the points of
intersection of the 50 × 50 m grid system were also
collected for obtaining soil BD and moisture content.
In total, penetration measurements were taken at 459
points, and 30 undisturbed soil samples were taken.
A small portion (20-25 g) of undisturbed soil samples
were oven-dried for determining soil moisture
content and BD; the remaining portion was air-dried,
passed through a 2-mm sieve, and used for
determining physical and chemical properties of the
research area soils.
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For the PR moisture calibration test, 3 undisturbed
soil cores (30 cm in diameter and 30 cm in depth)
were also taken. Soil cores were saturated and PR
measurements were taken at intervals of
approximately 5 days, and soil moisture content was
determined at the time of the PR measurements in the
laboratory.
The average moisture contents of soil samples at
the time of the PR measurements were 14.6%, 10.2%,
and 19.2% for July, August, and September,
respectively. Since PR varies with soil moisture
content (Perumpral 1987; Ley et al. 1993; Busscher et
al. 1997; Mapfumo and Chanasyk 1998; Şeker 1999;
Bayat et al. 2008; Aksakal and Öztaş 2010), PR
measurements were standardized for moisture
changes using the relationship given in Figure 1, and
and following equation was developed.
PRa = PRx exp ((X - 0.1)/0.716)

(1)

4
Penetration resistance (MPa)

Particle size distribution was determined by the
Bouyoucos hydrometer method (Gee and Bauder
1986), BD by using the core method (Blake and
Hartge 1986), moisture content by using the
gravimetry with oven-drying method (Gardner 1986),
soil reaction by using a glass electrote pH meter
(McLean 1982), CaCO3 by a Scheibler calcimeter
(Nelson 1982), organic matter by the Smith-Weldon
method (Nelson and Sommers 1982), electrical
conductivity by a conductivity meter in saturation
extract (Rhoades 1982a), cation exchange capacity by
the ammonium acetate method (Rhoades 1982b), and
aggregate stability by a Yoder-type wet sieving analysis
(Kemper and Rosenau 1986). PR was measured using
an Eijkelkamp-type hand penetrometer (Herrick and
Jones 2002).

y = 3.0702e-0.014x
r 2 = 0.9284
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Figure 1. Relationship between soil moisture and penetration
resistance for the soil at the research site.

Semivariogram and punctual kriging analyses
were performed for preparing the distribution
patterns of spatial variability of BD and PR within the
study field using the GS+ geostatistical software
(Gamma Design Software 2005).
The experimental semivariograms were produced
using the following equation (Isaaks and Srivastava
1989).
(2)
where:
γ(h) is the semivariance for internal distance class
h,
h is the lag interval,
N(h) is the total number of sample pairs for the lag
interval h,

where:

Z(xi) is the measured sample value at point i, and

PRa is the adjusted penetration resistance (MPa),

Z(xi + h) is the measured sample value at point i +

PRx is the measured penetration resistance at X
moisture content (MPa),

h.

X is the moisture content at measurement taken
-1
(kg kg ), and

The experimental semivariograms were developed
for different directions at the angles of 0°, 45°, 90°, and
135° for soil BD and soil PR values to determine
directional variabilities within the research site. The

0.1 is the selected moisture content for
-1
standardization (0.1 kg kg ).
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best fit model was chosen by considering the
minimum residual sum of squares (RSS) and
2
maximum r . The exponential, Gaussian, and
spherical semivariogram models were fitted to explain
spatial variability.
γ(h) = C0 + C [1 - exp(-h/A0)]
Exponential model

(3)

γ(h) = C0 + C [1 - exp(-h2/A02) ]
Gaussian model

(4)
if h ≤ A0

Spherical model
γ(h) = C0 + C

(5)
if h > A0

(6)

where γ(h) is the semivariance for internal distance
class h, h is the lag interval, C0 is the nugget variance,
C is the structural variance, and A0 is the range of
influence.
The punctual kriging procedure was applied for
estimating PR values at unsampled points with
intervals of 1 m, using 6-10 measured values of soil
BD and PR with the following equation. The kriged
values were mapped to produce distribution patterns.

(7)
*

where Z (x0) is the BD and PR at an unknown location
x0 , Z(xi) is the measured values from N sampled
locations, and xi, and λi are the weights.
Results
Some physical and chemical properties of the soil
from the rangeland site are given in Table 1. The soil
at the study site is loamy-textured, containing 6.7%
organic matter and 0.2% CaCO3 on average. Although
the BD in the early grazing period was 0.88 g cm-3, it
slightly increased with increased animal trampling
due to compaction in August, and decreased in
September because of autumn rainfall. The average
soil wet aggregate stability was 96.0%. Although it
decreased slightly in August as compared to July, there
were no significant differences based upon t-test
results among the wet aggregate stability values.
The descriptive statistics for the BD measurements
are given in Table 2. The mean BD was 0.88, 0.93, and
0.82 g cm-3 for the July, August, and September
measurements, respectively. While the mean BD of
August was 5.7% higher than that of July, the mean
BD of September was the lowest among the 3 months,
6.8% lower than that of July and 11.8% lower than that
of August. Although there was no clear trend in BD

Table 1. Measured properties of the soil in the study site.
Time of sampling
Soil properties
Sand (%)
Silt (%)
Clay (%)
Textural class
Bulk density (g cm-3)
Average soil moisture content (%)
pH (1:2.5 water)
Organic matter (%)
Electrical conductivity (dS cm-1)
CaCO3 (%)
Wet aggregate stability (%)
Cation exchange capacity (cmol kg-1)
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15 July

15 August

15 September

0.88 ± 0.05
14.6 ± 2.8
5.60 ± 0.26
6.37 ± 0.09

43.5 ± 0.9
33.5 ± 0.8
23.0 ± 1.2
Loam (L)
0.93 ± 0.08
10.2 ± 1.7
5.85 ± 0.31
6.65 ± 0.11
450 ± 9.5
0.20 ± 0.07
94.5 ± 3.8
38.6 ± 2.2

0.82 ± 0.08
19.2 ± 1.4
5.72 ± 0.28
7.08 ± 0.12

0.21 ± 0.08
95.9 ± 2.6

0.20 ± 0.07
97.7 ± 1.1
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Table 2. Some descriptive statistics, and semivariogram model and model parameters for soil bulk density.
Descriptive statistics
Minimum

Maximum

Range

Mean

Std

CV

Skewness

Kurtosis

0.053

6.0

-0.14

-1.36

0.080

8.6

0.20

-1.37

9.6

-0.04

-1.40

15 July
0.80

0.96

0.16

0.88
15 August

0.81

1.06

0.25

0.93

15 September
0.71

0.94

0.23

0.82

0.079

Best-fit semivariogram model and model parameters
Best-fit model

2

r

15 July
Spherical

γ(h) = 0.00021 + 0.00277

0.505

15 August
Gaussian

γ(h) = 0.00001 + 0.00623 [1-exp(-h2/51.42)]

0.906

15 September
Spherical

γ(h) = 0.00001 + 0.00616

changes with time, the differences in the means of BD
were statistically significant at P < 0.01 based upon ttest results. The coefficients of variation in the
measurements of BD were considerably lower, and
these were 6.0%, 8.6%, and 9.6% for July, August, and
September, respectively.
Since there were no distinct differences among the
structures of the directional semivariogram models,
an isotropy was assumed and an omnidirectional
semivariogram was fitted for characterizing spatial
variability in soil BD. The best-fit semivariogram
models and model parameters for BD are given in
Table 2. The nugget variances for all 3 measurement
times were very low, which indicated strong spatial
dependence in soil BD values.

0.733

The descriptive statistics for the PR measurements
are given in Table 3. The mean PR was 3.88, 4.21, and
4.16 MPa for the July, August, and September
measurements, respectively. There was a statistically
significant increase in the PR measurements between
July and August, but it was almost constant in
September. As with the BD measurements, the
coefficients of variation in the measurements of PR
were also considerably low (5.15%, 3.33%, and 3.85%
for July, August, and September, respectively) for all
time periods, but it was the highest in July. These
results indicated that the variability in PR
measurements became almost constant with grazing
after July.
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Table 3. Some descriptive statistics, and semivariogram model and model parameters for soil penetration resistance.

Descriptive statistics
Minimum

Maximum

Range

Mean

Std

CV

Skewness

Kurtosis

0.20

5.15

-0.14

-0.33

0.14

3.33

-0.62

1.65

0.16

3.85

-0.37

-0.15

15 July
3.41

4.47

1.06

3.88
15 August

3.63

4.54

0.91

4.21
15 September

3.70

4.52

0.82

4.16

Best-fit semivariogram model and model parameters
Best-fit model

2

r

15 July
Exponential

γ(h) = 0.0047 + 0.0353 [1-exp(-h/4.6)]

0.768

15 August
Exponential

γ(h) = 0.00083 + 0.01717 [1-exp(-h/2.4)]

0.241

15 September
Exponential

γ(h) = 0.01079 + 0.02019 [1-exp(-h/121.9)]

Spatial variability in soil PR was defined using
isotropic exponential models for all 3 measurement
times (Table 3).
Discussion
The variation patterns of soil BD are shown in
Figure 2. The higher values (>0.92 g cm-3) of BD were
located on the northeast and midwest sides, and
covered only 9.4% of the research area (Figure 2a).
However, in August, the rate of the area with high BD
(>0.92 g cm-3) increased to 46.1%. As can be noticed
in Figure 2b, it is possible to see high BD values over
almost all of the study area, except the central part.
Comparing the distribution patterns of BD in July and
August, it is clearly seen that grazing caused
significant compaction, which lead to high BD values.
200

0.908

On the other hand, the BD values were relatively
lower in September. The highest values of BD were
only recorded at the point previously defined in the
midwest part of the research site, and unexpectedly in
the mideast part, in which BD was low even in
August. This situation was attributed to autumn
rainfall in September, since BD decreases with
increases in soil moisture content. In July, August, and
September, the amounts of precipitation were
recorded as 14.3, 11.7, and 28.7 mm, and the soil
moisture contents at the time of the measurements
were 14.6%, 10.2%, and 19.2%, respectively. Berg et al.
(1997) and Mouazen et al. (2002) pointed out that the
rate of increase in cohesion with dry BD decreases
with an increasing moisture content level. This is
because the increase in moisture content is
accompanied by a decrease in the solid fraction in the
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Figure 2. Spatial distribution patterns of bulk density for different
time periods (a: July, b: August, c: September).

Figure 3. Spatial distribution patterns of penetration resistance for
different time periods (a: July, b: August, c: September).

soil. As the solid fraction decreases and the moisture
content increases, there are decreasing interlocking
and long-range forces among small particles, and the
true strength parameters also decrease, especially the
cohesion.

critical PR value for root growth. PR greater than 3
MPa is generally considered to limit root growth
(Busscher and Sojka 1987; Hakansson and Lipiec
2000). The highest values (>4.15 MPa) of PR were
distributed rarely and randomly in the early grazing
time (July) within the study area. However, in August
and September, the points with a PR value higher than
4.15 MPa increased and covered a great portion of the
study site. In July, higher PR values (>4.15 MPa) were

The variation patterns of soil PR showed
remarkable differences at different measurement
times (Figure 3). The mean PR values for all 3
measurement times were considerably higher than the
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recorded only at several points within the rangeland
area, and the total area with PR values of 4.15 MPa or
more was only 0.4% of the whole research area.
However, in August, the PR value was higher than
4.15 MPa in 81.5% of the whole area. The rate of
considerably severely compacted area with PR values
of more than 3.9 MPa within the whole site was
almost 100%. On the other hand, in September, the
rate of the most severely compacted area, with PR
values of more than 4.15 MPa, within the whole site
decreased to 59%, and the rate of relatively less
compacted areas, with PR values of lower than 3.9
MPa, within the whole site was only 3.5%.
It is well known that there is a close agreement
between soil BD and PR. As seen in Tables 2 and 3
and Figures 2 and 3, the mean PR was higher in
August compared to July, and so was the BD.
However, while PR slightly decreased in September
compared to August, BD went down even compared
to that of July. Although these situations seem to
conflict with each other, it might be expected in soils
with intense roots and/or high amounts of organic

matter contents (Ehlers et al. 1983; Willatt and
Sulistyaningsih 1990; Keller and Hakansson 2010).
The root intensity was relatively higher in September,
and therefore fine plant roots increased soil strength
and thus PR, but higher organic matter and root
intensity decreased the BD.
Conclusion
The results of this study clearly indicate that
grazing caused significant increases in bulk density
and penetration resistance of rangeland soils. In the
research area, severe soil compaction occurred during
the summer period, but autumn rainfall helped to
slightly lower PR values in September, which
indicated that soil moisture is a critical factor in
recovering, or at least considerably reducing, BD and
PR values. On the other hand, the results of this study
were also important for concluding that geostatistical
techniques are useful tools for obtaining the
distribution patterns of BD and PR needed for
evaluating grazing-induced soil compaction.
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